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The Nuclear Orphan Receptor COUP-TFI Is Required
for Differentiation of Subplate Neurons
and Guidance of Thalamocortical Axons
Although the expression patterns of Coup-tfs overlap
extensively, Coup-tfI and Coup-tfII are also differentially
expressed, especially in the CNS (Qiu et al., 1994). At
E11.5, Coup-tfI is detected in the optic stalk, dorsocau-
dal telencephalon, diencephalon, midbrain, and hind-
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brain regions. A similar Coup-tfII expression pattern is³Division of Neuroscience
observed, except in the diencephalon. At E14.5, Coup-Baylor College of Medicine
tfI and Coup-tfII are highly expressed in the D1 (ventralHouston, Texas 77030
thalamus and hypothalamus, as defined by Figdor and
Stern [1993]) and the medial ganglionic eminence but
are basally expressed in the D3/D4 regions (pretectalSummary
region) and zona limitans intrathalamica (zli). Interest-
ingly, Coup-tfI is also highly expressed in the palliumChicken ovalbumin upstream promotor±transcription
(future cortex), the D2 (the future dorsal thalamus), thefactor I (COUP-TFI), an orphan member of the nuclear
lateral ganglionic eminence, and the tectum, whereasreceptor superfamily, is highly expressed in the de-
Coup-tfII is undetectable in these regions, except for theveloping nervous systems. In the cerebral cortex of
rostral tectum. Thus, the Coup-tf expression patternsCoup-tfI mutants, cortical layer IV was absent due to
during CNS development suggest that they may be re-excessive cell death, a consequence of the failure of
quired for neuronal development and differentiation.thalamocortical projections. Moreover, subplate neu-
Analysis of Coup-tfI loss-of-function mutants demon-rons underwent improper differentiation and prema-
strated that COUP-TFI is required for development andture cell death during corticogenesis. Our results indi-
postnatal survival (Qiu et al., 1997). The majority ofcate that the subplate neuron defects lead to the
Coup-tfI mutants die perinatally. Defects in morphogen-failure of guidance and innervation of thalamocortical
esis of the ninth ganglion and nerve compromised feed-projections. Thus, our findings demonstrate a critical
ing in Coup-tfI mutants, resulting in starvation, dehydra-role of the subplate in early corticothalamic connectiv-
tion, and death. Aberrant function of the ninth craniality and confirm the importance of afferent innervation
ganglion was due to excessive cell death in the neuralfor the survival of layer IV neurons. These results also
crest ganglionic precursor cells and resulted in a de-substantiate COUP-TFI as an important regulator of
creased number of ninth ganglionic neurons. Moreover,neuronal development and differentiation.
defects in axonal guidance and arborization in the PNS
were observed in midgestation Coup-tfI mutants. Thus,
COUP-TFI is required for development of the embryonic
Introduction PNS.
The differential expression of Coup-tfI and Coup-tfII
Steroid/thyroid hormones play an important role in regu- in the developing CNS and, especially, the cortex,
lating cellular differentiation, development, and homeo- prompted us to analyze corticogenesis in Coup-tfI loss-
stasis in higher eukaryotes through binding to their of-function mutants. The mammalian cerebral cortex
cognate nuclear receptors (Tsai and O'Malley, 1994). has a highly developed cytoarchitecture. In humans,
Chicken ovalbumin upstream promoter±transcription more than 40 distinct tangential regions were recog-
factors (COUP-TFs) are orphan members of the nuclear nized in the cortex a century ago (Brodmann, 1909),
receptor superfamily (reviewed by Tsai and Tsai, 1997). while the cortex in all mammals consists of six radial
COUP-TFs function mainly as transrepressors, and layers (reviewed by McConnell, 1988). Cerebral cortico-
there is growing evidence that COUP-TFs may act as genesis is a highly regulated developmental process.
transactivators (Sawaya et al., 1996; Rodriguez et al., The earliest postmitotic neuronal cells, which give rise
1997; Rohr et al., 1997; Pipaon et al., 1999). to the preplate, are derived from progenitor cells in the
There are two Coup-tf homologs, Coup-tfI and Coup- ventricular zone lining the lateral ventricle at E11 in mice
tfII, in mouse (Jonk et al., 1994; Qiu et al., 1994). In (Caviness, 1982; Caviness et al., 1995). The first wave
the mouse embryo, the Coup-tf expression patterns are of cortical plate neurons exits the mitotic cycle at around
spatially and temporally discrete in the developing cen- E13.5 and migrates radially along radial glial fibers to-
tral and peripheral nervous systems (CNS and PNS) and ward the pial surface. When these early cortical plate
in other developing organs and tissues (Qiu et al., 1994; neurons migrate past the ventricular zone and subventri-
Pereira et al., 1995). In situ hybridization experiments cular zone, and into the preplate, they split the preplate
into an upper marginal zone and a lower subplate layer.indicate that Coup-tfI and Coup-tfII expression begins
These earliest cortical plate neurons form the deepestaround embryonic day 7.5 (E7.5), increases dramatically
layer (layer VI) of the cortical plate. The latter corticalby E9.5, peaks around E12, and declines before birth.
plate neurons migrate past the previous layers and re-
side below the marginal zone to form the superficial§ To whom correspondence should be addressed (e-mail: stsai@
layers in an ªinside outº order (Angevine and Sidman,bcm.tmc.edu [S. Y. T.], mtsai@bcm.tmc.edu [M. J. T.]).
1961; Berry and Rogers, 1965; Rakic, 1974; Luskin and‖ Present address: RW Johnson Pharmaceutical Research Institute,
Raritan, New Jersey 08869. Shatz, 1985). Neurons of the six cortical layers have
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distinct connections and functions, e.g., layer IV neurons function of COUP-TFI during cortical development in
Coup-tfI mutants. Although most Coup-tfI mutants diereceive afferent inputs from the thalamus, whereas, layer
8±36 hr after birth, about 1%±2% of mutants survive untilV and VI neurons send corticofugal projections to the
3 weeks of age (Qiu et al., 1997). Analysis of the corticalsuperior colliculus and the thalamus, respectively.
laminar structure at low magnification revealed a thinnerThalamic neurons play a critical role in layer IV forma-
cortical plate in coronal sections of P21 Coup-tfI mutantstion by sending thalamocortical projections to innervate
as compared with controls (Figures 1A and 1B). At highthe cortical plate and provide afferent inputs. It has been
magnification, the well-formed six layer laminar struc-shown that neonatal thalamic lesions in hamsters re-
ture was identified in the control cortex, judging by thesulted in the loss of layer IV in adulthood (Windrem and
morphology and density of the cortical neurons (FigureFinlay, 1991). Development of proper thalamocortical
1C). However, the layer of small granular neurons charac-projections involves two processes: the guidance of
teristic of layer IV was missing in Coup-tfI mutants (Figureaxon projections from the thalamus to the appropriate
1D), while layers II/III, V, and VI were relatively normal.cortical regions, followed by innervation of the cortical
To further confirm that layer IV is absent in Coup-tfIplate. It has been shown that subplate neurons, which
mutants, expression of Rorb, a layer IV marker (Becker-were first described by Kostovic and Molliver (1974) and
AndreÂ et al., 1994; Park et al., 1997), was investigatedwere extensively studied in primates by Rakic's group
by in situ hybridization. A gradual loss of Rorb expres-(Kostovic and Rakic, 1990), are required for both of these
sion was observed in Coup-tfI mutants during develop-processes (Allendoerfer and Shatz, 1994). Ablation of
ment (Figures 1E±1J). Similar levels of Rorb transcriptssubplate neurons by injection of the excitotoxin kainic
were detected in mutant and control mice at E17.5 (Fig-acid prior to innervation by thalamic fibers led to the
ures 1E and 1F). However, at day of birth (P0), the Rorbfailure of thalamocortical axons to stop at their proper
expression level in mutants was reduced to about 50%target areas to innervate the cortical plate (Ghosh et al.,
of that in controls (Figures 1G and 1H) and was almost1990). Moreover, early subplate ablation, when thalamo-
undetectable at P21 (Figure 1J). Thus, the absence ofcortical axons just reached the subplate, resulted in the
layer IV neurons in adulthood is consistent with the losssubsequent absence of layer IV neurons (Ghosh and
of RORb expression. This evidence suggests that lackShatz, 1993). In the ªhandshakeº hypothesis for thala-
of COUP-TFI function results in the absence of corticalmocortical projection development, the subplate neu-
layer IV in adulthood.rons that project to the internal capsule are postulated
to form a scaffold (McConnell et al., 1989) that guides
Layer IV Neurons of Coup-tfI Mutants Havethalamocortical axons to their cortical targets (Molnar
Normal Proliferationand Blakemore, 1995). This model is supported by the
One possible reason for the absence of layer IV in Coup-fact that thalamocortical (ascending) and corticofugal
tfI mutants is that fewer layer IV neurons were generated(descending) projections are colocalized in the same
from the progenitor cells in the ventricular zone duringcompartment and are topographically intermingled (Mol-
corticogenesis. In the mouse, cortical plate neurons arenar and Blakemore, 1995; Molnar et al., 1998a). In addi-
born in an orderly sequence, namely, from the deep totion, in Reeler mutants, which have defects in neuronal
the superficial layers. Layer IV precursor neurons aremigration, causing them to have an ªoutside inº cortical
generated from the proliferative ventricular zone aroundlamination, thalamocortical projections follow the pre-
E15±E15.5 to form cortical layer IV in the adult brainplate axon scaffold to the superplate by first passing
(Caviness, 1982; Caviness et al., 1995).through the cortical plate (Molnar and Blakemore, 1995;
To study the proliferation of layer IV neurons, we pulseMolnar et al., 1998b). These findings suggest that sub-
labeled E15.5 embryos and visualized the 5-bromo-2-plate neurons play a guidance role for proper thalamo-
deoxyuridine- (BrdU-) positive cells in the cortex. Divid-cortical projections.
ing progenitor cells at E15.5, which give rise to the layer
In this paper, we have investigated the role of COUP-
IV neurons, were detected in the upper part of the ven-
TFI in CNS development. In mice lacking Coup-tfI, corti-
tricular zone and the subventricular zone (Figures 2A
cal layer IV is absent due to excessive cell death, while and 2B). The number of BrdU-positive cells was com-
other layers are relatively normal. Thalamocortical pro- parable in controls and mutants, suggesting that pro-
jections in Coup-tfI mutants were substantially reduced. genitor cell proliferation in the ventricular zone was not
In addition, improper differentiation and premature altered in mutants. Although the newly generated
death of subplate neurons was also observed in Coup- daughter cells can either be postmitotic cortical neurons
tfI mutants. These results demonstrate that COUP-TFI or proliferative progenitor cells, the fraction of quiescent
is important for subplate differentiation and that defects and proliferative cells is tightly regulated during cortico-
in subplate development result in abnormal thalamocor- genesis (Caviness et al., 1995). At E15.5, about 50%
tical projections and innervation, ultimately leading to of the daughter cells are postmitotic neurons (layer IV
the death of layer IV neurons. neurons). Therefore, even though we cannot distinguish
which BrdU-positive cells are layer IV precursors, it is
Results likely that layer IV neuron proliferation in Coup-tfI mu-
tants is normal, based on the total proliferation at E15.5.
Cortical Layer IV Is Absent in the Coup-tfI The apparent normal proliferation of layer IV neurons
Mutant Cortex in mutants was also supported by the similar level of Rorb
The high level of Coup-tfI expression and the differential expression in Coup-tfI mutants and controls until E17.5
expression of Coup-tfI and Coup-tfII in the cortex dur- (Figures 1E and 1F). These results further substantiate that
proliferation of layer IV neurons during early corticogenesising corticogenesis (Qiu et al., 1994) led us to study the
COUP-TFI in Neural Differentiation/Axonal Guidance
849
Figure 1. The Absence of Cortical Layer IV in
the Cerebral Cortex of Coup-tfI Mutants
(A±D) Coronal sections of 3-week-old control
(A and C) and Coup-tfI mutant (B and D)
stained with hematoxylin and eosin. The
lower panels are higher magnifications of the
subplate region in the upper panels. The mu-
tant cerebral cortex (B) is thinner, and the
cortical layer IV appears to be missing in
Coup-tfI mutants (D). Abbreviations: I±VI, cor-
tical layers I through VI; and WM, white mat-
ter. Scale bar, 400 mm (A and B) and 200 mm
(C and D).
(E±J) RORb expression, a layer IV marker, is
downregulated in P21 Coup-tfI mutants.
These are in situ hybridizations of coronal
sections of E17.5 (E and F), P0 (G and H), and
p21 (I and J) control (E, G, and I) and mutant
(F, H, and J) mouse brains using an Rorb
antisense probe. A similar level of Rorb ex-
pression is observed at E17.5 in control (E)
and mutant (F). Rorb expression in Coup-tfI
mutants is reduced at P0 (H) and is almost
undetectable at P21 (J). Abbreviations: CTX,
cortex; and GE, ganglionic eminence. Scale
bar, 400 mm.
is not defective in Coup-tfI mutants. Taken together, marked by BrdU incorporation and followed during corti-
cogenesis. Layer IV neurons were labeled in utero atthese data demonstrate that the absence of layer IV
neurons in Coup-tfI mutants is not likely due to a reduc- E15 (Figures 2C and 2D) or E15.5 (Figures 2E and 2F)
(the birthdate of layer IV neurons), and BrdU-positivetion of the initial proliferation of layer IV neurons.
cells were examined at P0 by immunostaining. If a cell
fate change is the main cause for the absence of layerLayer IV Neurons Undergo Excessive Cell Death
in Coup-tfI Mutants IV, a similar number of layer IV neurons born around
E15±E15.5 would remain at P0. In the case in which cellSince comparable numbers of layer IV neurons are gen-
erated in controls and Coup-tfI mutants, excessive layer death plays a critical role, a reduced number of layer IV
neurons would be expected at P0. At P0, layer IV neuronsIV neuron cell death or cell fate changes may explain
the absence of layer IV in the adult mutant cortex. To are still migrating, and most BrdU-positive cells were
detected in the upper layer of the cortical plate, belowexplore these possibilities, layer IV neurons were
Neuron
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the marginal zone in controls (Figures 2C and 2E) and
in the Coup-tfI mutant cortex (Figures 2D and 2F; also
see Figures 4E and 4F). However, the number of BrdU-
positive neurons labeled at either E15 (Figure 2D) or
E15.5 (Figure 2F) in Coup-tfI mutants was less than in
their respective controls. By counting the number of
BrdU-positive cells in the sensory cortex from six pairs
of mice at P0, a reduction of 33%±47% of BrdU-positive
cells (p , 0.003) was detected in the upper cortical plate
of Coup-tfI mutants (Figure 2G). Since a similar level
of proliferation was observed at E15.5, the decreased
number of P0 BrdU-positive cells labeled at E15±15.5
must be due to cell death rather than cell fate changes.
These results also correlate with the reduced level of
Rorb in Coup-tfI mutants at P0. Taken together, these
data suggest that the absence of layer IV in Coup-tfI
mutants is mainly due to excessive layer IV cell death.
Migration of Cortical Plate Neurons Is Normal
in Coup-tfI Mutants
Cortical lamination requires that cortical plate neurons
migrate across the cerebral wall to their appropriate
layers after they are generated from the proliferative
ventricular zone. It is possible that altered guidance will
cause layer IV neurons to migrate to an inappropriate
destination in Coup-tfI mutants. The lack of proper tro-
phic signaling in the altered environment may then lead
to the death of layer IV neurons.
We investigated whether altered neuronal migration
plays a role in the absence of layer IV in Coup-tfI mu-
tants. Since cortical neuron migration is guided by radial
glia through contact (Rakic, 1972, 1978; Gray et al., 1990;
Hatten, 1990; Misson et al., 1991; O'Rourke et al., 1995),
we visualized radial glial fibers either by immunohisto-
chemical staining with RC2 (data not shown) or by trac-
ing with the fluorescent dye 1,19-dioctadecyl-3,3,39,39-
tetramethylindocarbocyanine perchlorate (DiI) (data not
shown). The somata of radial glia, located in the ventricu-
lar zone, send fibers across the cerebral wall radially
toward the pial surface. Staining of RC2, a monoclonal
antibody specific for the radial glia lineage (Misson et
al., 1988), revealed the radial glial fiber arrays running
from the ventricular zone, through the whole cerebral
Figure 2. Reduction in Survival of Layer IV Neurons at P0 in Coup- wall, to the pial surface in the E16.5 cortex. The density,
tfI Mutants direction, and length of radial glial fibers were similar in
(A and B) Proliferation of cortical layer IV neurons is normal in Coup- Coup-tfI mutants and controls. Similar results were also
tfI mutants. Neurons destined for cortical layer IV were pulse labeled observed by placing a DiI crystal in the ventricular zone
for 1.5 hr with BrdU at E15.5 and visualized by immunohistochemis-
to label the radial glial fibers. Cumulatively, these resultstry. These coronal sections are counterstained with methyl green.
indicate that the radial glial fiber system is appropriatelyThe number of BrdU-positive neurons in Coup-tfI mutants (B) is
formed in Coup-tfI mutants.comparable to that in controls (A). Abbreviation: CTX, cortex. Scale
bar, 50 mm. The fact that all other cortical layers, with the excep-
(C±G) Fewer layer IV neurons survive in Coup-tfI mutants at P0. tion of layer IV, migrated to their proper positions in P21
Shown are coronal sections of the P0 cortices. Cortical layer IV Coup-tfI mutants (see Figures 1C and 1D) also argues
neurons are BrdU labeled at E15 (C and D) and E15.5 (E and F), and
against migration defects. To further confirm this, birth-their positions in the upper cortical plate analyzed at P0. Fewer
dating experiments (Figure 3) were performed. Corticallayer IV neurons survive in the superficial layers, where layer IV is
plate neurons were labeled with BrdU at E13.5, E14.5,forming in the mutant P0 cortices (D and F) as compared with those
in controls (C and E). By combining data from six pairs of animals, and E15.5, and their positions were detected at P0. At
there are only 60% (p , 0.003) of BrdU-positive layer IV neurons P0, cortical lamination is not complete, but layers VI and
remaining at P0 in Coup-tfI mutants (G). Control was designated as V can be clearly identified. Layer IV is in the process of
100% in bar graph. Abbreviations: MZ, marginal zone; CP, cortical
being formed as the layer IV neurons are still migrating.plate; SP, subplate; IZ, intermediate zone; and VZ, ventricular zone.
Obviously, it would be ideal to detect the exact positionsScale bar, 100 mm (C±F).
of cortical plate neurons with different birthdates after
cortical lamination has been completed. However, we
COUP-TFI in Neural Differentiation/Axonal Guidance
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Figure 3. Normal Migration of Cortical Plate Neurons in Coup-tfI Mutants
Cortical lamination in controls (A, C, and E) and Coup-tfI mutants (B, D, and F) is in the inside out pattern. Cortical plate neurons are BrdU
labeled at E13.5 (A and B), E14.5 (C and D), and E15.5 (E and F). The positions of the BrdU-positive cells at P0 show that the earlier-born
neurons reside in the deeper layers, and the later-born neurons position in the more superficial layers. Although the number of neurons labeled
at E13.5 and E14.5 is comparable in controls (A and C) and Coup-tfI mutants (B and D), there are fewer E15.5-born neurons surviving at P0
in Coup-tfI mutants (F) than in controls (E). Abbreviations: MZ, marginal zone; CP, cortical plate; IZ, intermediate zone; SVZ, subventricular
zone; and VZ, ventricular zone. Scale bar, 100 mm.
chose P0 because Coup-tfI mutants rarely survive past neurons (Figures 3E an 3F) was similar to that found
during pulse-chase experiments (see Figure 2G). TakenP1. In controls, cortical neurons born at E13.5 occupied
a broad area in the deep layer, presumably the deepest together, these results indicate that migration of cortical
neurons is not defective in Coup-tfI mutants.part of layer VI and lower part of layer V (Figure 3A).
Neurons born at E14.5 took more superficial positions
than those born a day earlier (Figure 3C) and were mainly
in the upper part of layer V. The precursor layer IV neu- Very Few Thalamocortical Projections Are Able
to Innervate Layer IV in Coup-tfI Mutantsrons, which are generated at E15.5, were localized at
the most superficial part of the cortical plate, just below In the developing mouse brain, thalamocortical axons
project to the internal capsule at around E13. They thenthe marginal zone (future layer I) (Figure 3E). Neurons
from Coup-tfI mutants showed the same distribution migrate through the anlage of the developing striatum
and reach the intermediate zone. After thalamocorticalpattern as those from controls; the earlier-born neurons
resided in the deeper layers, and the later-born neurons projections grow to their target areas, they temporarily
invade the subplate and remain there for a 2±3 daysettled in the more superficial positions (Figures 3B, 3D,
and 3F). These results were consistent with the inside ªwaitingº period. About 1±2 days before birth, thalamic
axons leave the subplate and begin massive innervationout cortical lamination pattern. This rules out the possi-
ble intrinsic defects in the ability of cortical plate neurons of the overlying cortex. Thalamocortical axons mainly
terminate in layer IV, their primary target, to provideto migrate in Coup-tfI mutants. Moreover, the number
of BrdU-positive cells was similar for E13.5 and E14.5 afferent inputs (Molnar et al., 1998a). Afferent inputs
from the thalamus are critical for layer IV formation, and(Figures 3A±3D) controls and mutants, indicating that
the survival of layer V and VI neurons is not compromised the amount of thalamocortical projections controls layer
IV cell density by regulating cell death (Windrem andin Coup-tfI mutants. On the other hand, the level of
reduction of BrdU-positive cells in E15.5-born layer IV Finlay, 1991). A possible mechanism of the excessive
Neuron
852
layer IV cell death in Coup-tfI mutants is the lack of
afferent inputs from the thalamus in the cortical plate.
To substantiate this hypothesis, thalamocortical axon
projections were traced by placing DiI crystals in the
ventrobasal thalamus (VB) at E17.5 (Figures 4A±4E). In
controls, the projections were anterogradely traced all
the way from the VB to the primary somatosensory cor-
tex. In Coup-tfI mutants, although the projections from
the VB to the internal capsule were normal, very few
thalamocortical axons were able to grow out of the inter-
nal capsule, toward the striatum (Figure 4D). Even fewer
axons were able to project into the intermediate zone.
At higher magnifications, control thalamocortical axons
had developed local branches in the subplate, and some
even grew into the lower part of the cortical plate at
E17.5 (Figure 4B). These axons are probably close to
the end of the waiting period and just prior to the massive
invasion of the cortical plate. However, in Coup-tfI mu-
tants, very few thalamocortical axons ever reached the
intermediate zone, and no branches had developed (Fig-
ure 4E). Moreover, even when some axons did turn from
the striatum into the intermediate zone, they did not
follow the well-organized parallel projection pattern
seen in controls. Instead, some axons turned early and
crossed with other axons in mutants (arrow in Figure
4E), as if they lacked proper guidance. This phenomenon
was more obvious when axons were migrating out of
the internal capsule in Coup-tfI mutants. In controls,
thalamocortical axons grew past the internal capsule
and directly toward the developing striatum (Figure 4C),
while in mutants, the vast majority of axons lost their
guidance or were stunted after leaving the internal cap-
sule, and some almost turned backward (arrowhead in
Figure 4F) and never projected to their cortical targets.
Thus, although projections from the VB to the internal
capsule are apparently normal, thalamocortical axons
lose their guidance when they grow out of the internal
capsule in Coup-tfI mutants.
Similar results were observed when DiI crystals were
placed in the VB at P0 (Figures 4G±4L). Control thalamo-
cortical axons had already innervated the cortical plate
and exhibited extensive branching within the cortical
plate at P0. Again, in Coup-tfI mutants, very few thala-
mocortical axons reached their targets, and no innerva-
tion had occurred at P0. The misguidance of axons seen
in E17.5 mutants was also observed at P0, when upon
leaving the internal capsule, the majority of thalamocor-
tical axons lost direction. Even the few axons that were
able to reach the appropriate cortical target regions
failed to innervate the cortical plate.
To further confirm these results, thalamocortical pro-
jections were also retrogradely labeled. Placement of DiI
sphere is sectioned at an angle of 458 to the coronal plane so that
the entire thalamocortical projection can be seen in one 125 mm
thick section. (A), (D), (G), and (J) are the conventional fluorescence
microscopy images. (B), (C), (E), (F), (H), (I), (K), and (L) are the high-
power confocal microscopy images of the corresponding box areas
in (A), (D), (G), and (J). Arrow in (E) points to the intersection of axons
Figure 4. Reduced Thalamocortical Projections in Coup-tfI Mutants when they turn into the intermediate zone. Arrowhead in (F) points
Very few thalamocortical axons are able to project to their targets to the bundles of axons turning backward after they leave the internal
and wait in the subplate (E17.5, [A±F]) or innervate the cortical plate capsule. Abbreviations: CP, cortical plate; IC, internal capsule; IZ,
(P0, [G±L]) in Coup-tfI mutants. Thalamic axons were anterogradely intermediate zone; and VB, ventrobasal thalamus. Scale bar, 400
labeled with a DiI crystal placed in the E17.5 or P0 VB. The hemi- mm (A, D, G, and J) and 100 mm (B, C, E, F, H, I, K, and L).
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crystals in the cortical plate at P0 allowed visualization of to E16.5 (Figures 5I±5L). To further confirm this finding,
expression of the low-affinity nerve growth factor recep-the entire thalamocortical pathway, revealing bundles
of backlabeled somata in the VB in controls (data not tor (NGFR) p75, which has been shown to be expressed
in all subplate neurons (Allendoerfer et al., 1990), wasshown). However, very few labeled axons were detected
in the internal capsule of the mutants, and even fewer, determined by immunostaining. In E16.5 mutants and
controls, NGFR was detected mainly in the subplate,if any, somata in mutant thalamus were backlabeled
(data not shown). Taken together, these data suggest with some staining in the marginal zone (Figures 5M and
5N). Similar NGFR expression patterns and levels werethat disruption of Coup-tfI results in defective thalamo-
cortical axon guidance and failure of axons to reach detected in controls and Coup-tfI mutants, strongly sug-
gesting that premature death of subplate neurons intheir cortical targets and to innervate cortical layer IV.
Without the proper afferent inputs from thalamocortical Coup-tfI mutants occurs after E16.5. In support of this
notion, when E11.5-labeled subplate neurons were ana-axons, it is likely that layer IV neurons lacked critical
survival cues, resulting in the absence of layer IV in adult lyzed at E16.5, a similar number of BrdU-positive cells
was detected in the control and mutant subplate (dataCoup-tfI mutants.
not shown). These results indicate that although sub-
plate neuron proliferation is normal, the subplate neu-Subplate Neurons Undergo Early Death
rons undergo premature cell death, resulting in the earlyin Coup-tfI Mutants
disappearance of the subplate in Coup-tfI mutants.Subplate neurons are among the earliest postmitotic
neurons to form the preplate during corticogenesis.
Subsequently, the preplate is divided into the upper Subplate Neuron Differentiation Is Compromised
marginal zone (Cajal-Retzius cells) and the lower sub- in Coup-tfI Mutants
plate by the invasion of cortical plate neurons. The num- Since thalamocortical axons reach the subplate around
ber of subplate neurons peaks at E16.5 in mouse. After E16.5, the lack of guidance once thalamocortical axons
thalamocortical axons leave the subplate to innervate exit the internal capsule in Coup-tfI mutants is unlikely
the cortical plate, subplate neurons gradually disappear. due to the premature death of subplate neurons, which
It has been shown that the subplate is required for target occurs after E16.5. Whether the defect in thalamocorti-
selection and innervation by thalamocortical axons cal axon guidance is due to the inability of subplate
(Ghosh et al., 1990; Ghosh and Shatz, 1993). Since Coup- neurons to extend their axons to form a scaffold in the
tfI is highly expressed in preplate neurons during corti- absence of COUP-TFI function, as postulated in the
cogenesis (data not shown), it is possible that Coup-tfI handshake hypothesis, was tested by DiI tracing. Similar
mutants may exhibit subplate defects that contribute to projection patterns from the subplate were observed in
the failure of thalamocortical axon outgrowth. controls and mutants at E13.5 and E15.5 (Figures 6A±
To investigate possible subplate defects, the histol- 6D), indicating that subplate neurons project normally
ogy of the subplate was studied by Nissl staining. At toward the thalamus in Coup-tfI mutants. Thus, COUP-
P0, a thin layer of packed subplate neurons between TFI is not required for subplate neurons to extend their
the cortical plate and the intermediate zone could be axons toward the thalamus. More importantly, this find-
seen in controls (Figure 5A). In mutants, this subplate ing also indicates that the subplate scaffold alone is not
layer was almost undetectable (Figure 5B). Under higher sufficient to guide thalamocortical axon projections.
magnification, there were about 3±4 layers of packed Next, we examined whether subplate neurons were
large subplate neurons remaining at P0 in controls, while properly differentiated in the absence of COUP-TFI func-
in mutants, very few subplate neurons could be identi- tion. Calretinin, a calcium-binding protein, is highly ex-
fied (Figures 5C and 5D). Thus, subplate neurons were pressed in subplate neurons in the subplate and Cajal-
greatly reduced in Coup-tfI mutants at P0. Retzius cells in the marginal zone of the developing
To explore the mechanism of the early subplate dis- cortex (Fonseca et al., 1995). In controls, the subplate
appearance in Coup-tfI mutants, the proliferation of layer can readily be detected by calretinin expression
preplate neurons, including subplate neurons, was de- at E14.5, E15.5, and E16.5 (Figures 6E, 6G, and 6I). How-
termined by pulse labeling the highly proliferative ven- ever, no calretinin expression was ever detected in the
tricular zone progenitor cells at E11.5. Preplate neuron cortical plate of Coup-tfI mutants at any stages exam-
proliferation was comparable in controls and mutants, ined (Figures 6F, 6H, and 6J). In contrast, no major differ-
suggesting that the birth of subplate neurons was likely ences of calretinin expression were observed in the mar-
normal in Coup-tfI mutants (Figures 5E and 5F). When ginal zone between controls and mutants (Figures
E11.5-labeled subplate neurons were analyzed at P0, 6E±6J). Since the distribution of CSPG and NGFR was
BrdU-positive cells could be detected in the subplate normal in Coup-tfI mutants, the lack of calretinin expres-
of the control cortex (Figure 5G) but were almost not sion in subplate neurons suggests that subplate neuron
detectable in the mutant cortex (Figure 5H). To investi- differentiation is compromised in Coup-tfI mutants.
gate when subplate neurons commit premature cell
death, we examined the distribution of chondroitin sul-
fate proteoglycans (CSPG), which are closely associ- Discussion
ated with the preplate and preplate-derived marginal
zone and subplate (Sheppard and Pearlman, 1997), by In this study, we have shown that in addition to its role
in PNS development (Qiu et al., 1997), the orphan nuclearimmunostaining. Expression of CSPG was comparable
in the subplate from E13.5 to E16.5 in control and mutant receptor COUP-TFI is also required for development of
the full complement of cortical layers in the CNS. Inmice, indicating the existence of the subplate layer prior
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Figure 5. Premature Death of Subplate Neu-
rons in Coup-tfI Mutants
(A±D) Few subplate neurons remain at P0 in
Coup-tfI mutants. Nissl staining of coronal P0
sections of controls (A and C) and mutants
(B and D). The cortical subplate is hardly visi-
ble in the mutant (B). The lower panels repre-
sent higher magnifications of the subplate re-
gion, which is poorly formed in the mutant (D)
as compared with controls (C). Abbreviations:
CC, corpus callosum; CP, cortical plate; C-P,
caudate-putamen; SN, septal nucleus; SP,
subplate; and WM, white matter. Scale bar,
800 mm (A and B) and 50 mm (C and D).
(E and F) Proliferation of the subplate neurons
in Coup-tfI mutants is normal. Subplate neu-
rons were pulse labeled at E11.5 for 30 min
and analyzed by immunostaining with anti-
BrdU antibody. Shown are sagittal sections
counterstained with methyl green. The num-
ber of BrdU-positive neurons in Coup-tfI mu-
tants (F) is comparable to that in controls (E).
Scale bar, 50 mm.
(G and H) A reduced number of subplate neu-
rons survive at P0 in Coup-tfI mutants. Sub-
plate neurons are labeled at E11.5 and ana-
lyzed at P0. In these coronal sections, almost
no BrdU-positive cells are detected in Coup-
tfI mutants (H) at P0, while a few of them still
can be observed in the control subplate (G).
Abbreviations: CP, cortical plate; SP, sub-
plate; IZ, intermediate zone; and VZ, ventricu-
lar zone. Scale bar, 100 mm.
(I±N) Coronal sections of mouse brains are
immunohistochemically stained with anti-
bodies against CSPG (I±L) and low-affinity
NGFR p75 (M and N). Similar levels of CSPG
expression are observed at E13.5 and E16.5
in the subplate and marginal zone in controls
(I and K) and mutants (J and L). Low affinity
NGFR p75 was mostly detected in the sub-
plate, with some staining in the marginal zone
of both control (M) and mutant (N) at a similar
level. Abbreviations: PP, preplate; MZ, mar-
ginal zone; and SP, subplate. Scale bar, 50
mm (I and J) and 100 mm (K±N).
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Figure 6. Improper Differentiation of Sub-
plate Neurons in Coup-tfI Mutants
(A±D) Subplate axons project normally to-
ward the internal capsule in E13.5 and E15.5
COUP-TFI mutants. Subplate axons are an-
terogradely labeled with a DiI crystal placed
in the cortices of E13.5 and E15.5 embryos.
The hemisphere is sectioned in the coronal
plane (E13.5) and at an angle of 458 to the
coronal plane (E15.5). Shown are the high-
power confocal microscopy images of sub-
plate axon projections. Abbreviation: CTX,
cortex. Scale bar, 50 mm (A and B) and 100
mm (C and D).
(E±J) Calretinin, a subplate marker, is never
expressed in the subplate of Coup-tfI mu-
tants. Calretinin was detected in Cajal-
Retzius cells in the marginal zone in coronal
sections. Calretinin-positive cells are only de-
tected in the subplate of the cortices of con-
trol mice (E, G, and I) and not in the mutant
(F, H, and J). In contrast, Cajal-Retzius cells
in the marginal zone are calretinin positive in
the mutant cortex (F, H, and J). Abbreviations:
MZ, marginal zone; and SP, subplate. Scale
bar, 50 mm (E and F) and 100 mm (G±J).
particular, cortical layer IV was absent in Coup-tfI mu- death, which results in the absence of layer IV in adult
Coup-tfI mutants.tants primarily due to excessive cell death. The failure
of thalamocortical afferents to appropriately innervate
the cortical plate rather than a direct lack of COUP-TFI Consequences and Mechanisms of the Absence
of Layer IV in Adult Coup-tfI Mutantsin cortical plate neurons is the cause of the layer IV
cell death. Moreover, although subplate neurons sent Peripheral organs sense information (visual, auditory,
and somatic sensations) and send inputs to distinct tha-projections toward the thalamus, there was improper
subplate neuron differentiation in Coup-tfI mutants. lamic nuclei. Thalamic nuclei then relay this information
to the cortex by sending thalamocortical projections toThus, we propose that defects in the subplate lead to
the failure of thalamocortical projections and the lack cortical layer IV. After receiving these afferent inputs,
the cortex processes this information, gets perception,of cortical plate innervation. Without the proper afferent
inputs from the thalamus, layer IV neurons undergo cell and initiates voluntary motor response. Therefore, any
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defects in peripheral organ-to-cortex pathways will death (Windrem and Finlay, 1991). Thus, the lack of
afferent innervation from the thalamus in Coup-tfI mu-damage the ability to sense, see, or hear. Coup-tfI mu-
tants lack not only thalamocortical innervation but also tants may cause the absence of layer IV. Indeed, DiI
tracing of thalamocortical axon projections by eitherlayer IV. As expected, cytochrome oxidase staining of
the cortex from the few surviving P25 Coup-tfI mutants anterograde or retrograde labeling showed profound
defects in Coup-tfI mutants. The vast majority of thala-showed a lack of barrel formation (data not shown).
Based on these defects, we can assume that Coup- mocortical axons failed to project to their target cortical
areas in Coup-tfI mutants. Even the very few thalamo-tfI mutant mice can neither properly relay peripheral
information (at least somatic sensation) to the cortex cortical axons that reached target areas failed to inner-
vate the cortical plate. Thus, cortical plate neurons donor process this information. In other words, mutant
mice will have a profoundly impaired ability to perceive not receive afferent inputs from the thalamus in Coup-
tfI mutants, indicating that COUP-TFI is required for bothsense, vision, and hearing. In support of this notion,
surviving Coup-tfI mutants indeed exhibit defects in the guidance of thalamocortical axons and the innerva-
tion of the cortical plate. Taken together, our resultshearing (F. A. P. et al., unpublished data). In humans, it
has been reported that the population of layer IV neurons indicate that the layer IV cell death and absence in adult
Coup-tfI mutants is principally a consequence of theis reduced in Down's syndrome patients (Ross et al.,
1984). Miller et al. (1991) have suggested that this may lack of afferent innervation in the cortical plate. Our
finding is consistent with the hypothesis that thalamo-be due to damage of the thalamus or disruption of the
thalamocortical connections, which is consistent with cortical axons provide trophic support that is essential
for the survival of layer IV neurons.the defects observed in Coup-tfI mutants.
There are three possible mechanisms that could ex- A third possibility is that loss of COUP-TFI function
in layer IV neurons may directly lead to layer IV cell death,plain the absence of layer IV: (1) reduced proliferation
of layer IV neurons, (2) respecification of layer IV neu- since COUP-TFI is expressed throughout the cortex.
Although we do not have direct evidence to rule out thisrons, and (3) excessive death of layer IV neurons. Re-
duced proliferation of layer IV neurons in Coup-tfI mu- possibility, layer IV neurons were not defective in the
thalamic ablation model (Windrem and Finlay, 1991) ortants was ruled out by pulse-labeling experiments and
Rorb expression. Layer IV±birthdating experiments indi- the subplate ablation model (Ghosh and Shatz, 1993),
which resulted in the absence of layer IV. Therefore, lackcate that excessive death of layer IV neurons, instead
of cell fate changes, is the major cause for the absence of thalamic input alone is sufficient to cause layer IV
neuron death, and intrinsic defects in layer IV neuronsof layer IV in the adult cortex of Coup-tfI mutants. Al-
though very limited cell death was detected in either are not required.
controls or mutants at P0, we did detect more apoptotic
cells in the upper cortical plate of the mutants from a COUP-TFI Is Required for the Proper Guidance
combination of five pairs of mice using the TdT-medi- of Thalamocortical Axons
ated dUTP nick end±labeling assay (data not shown). Subplate neurons are not only the earliest postmitotic
This finding confirms that excessive death of layer IV cortical neurons but also the first to differentiate and
neurons occurs during corticogenesis in Coup-tfI mu- mature. Subplate axons pioneer the corticofugal path-
tants. way (McConnell et al., 1989; De Carlos and O'Leary,
1992) and have been proposed to form a cellular scaffold
for guiding thalamocortical axons from the internal cap-The Lack of Thalamocortical Innervation Promotes
Layer IV Cell Death in Coup-tfI Mutants sule to their cortical targets (Molnar and Blakemore,
1995). Preplate (mostly subplate) axons and thalamicOne possible mechanism that may contribute to layer
IV cell death is improper layer IV neuron migration. The axons reach the lateral internal capsule at the same time
(around E13.5) during early corticogenesis. Subplate ax-fact that the radial glial fiber system and the inside out
cortical lamination pattern were apparently normal dem- ons then serve as a scaffold for thalamocortical axons
to migrate along, toward their cortical target area. How-onstrates that the migration of cortical plate neurons,
including layer IV neurons, is not compromised in Coup- ever, when DiI crystals were placed in the E13.5 or E15.5
cortex, subplate neuron projections were comparable intfI mutants.
Another alternative that may lead to layer IV neuron controls and mutants. This result suggests that although
the subplate scaffold is present, it is not sufficient todeath is the lack of afferent innervation. Differentiation
of cortical layer IV neurons requires afferent inputs from guide thalamocortical axons to their targets in Coup-tfI
mutants. It has been suggested that the cortex secretesthe thalamus, and the afferent inputs affect the survival
of layer IV neurons (O'Leary et al., 1994). The importance diffusible cues to promote the growth of thalamocortical
axons (Molnar and Blakemore, 1995), and the subplateof thalamocortical axons on cortical lamination was ele-
gantly demonstrated by Windrem and Finlay (1991). Ab- has been implicated to provide these guidance cues
(Kageyama and Robertson, 1993). Since the differentia-lation of the thalamus in newborn hamsters, when thala-
mocortical axons still reside in the subplate and have yet tion of subplate neurons is compromised in Coup-tfI
mutants, we propose that altered expression of theto innervate the cortical plate, resulted in the apparent
disorganization of thalamic projections. This left the cor- proper guidance molecules in the subplate, due to lack
of COUP-TFI expression, results in the failure of thala-responding cortical area uninnervated (Miller et al.,
1991). The consequence of a lack of afferent inputs to mocortical projections. However, intrinsic defects in the
thalamus cannot be formally ruled out at the presentthe cortical plate was the absence of the small stellate
layer IV neurons in adulthood, due to excessive cell time. The spatial and temporal expression patterns of
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COUP-TFI and the fact that COUP-TFI is a transcription differentiation of subplate neurons, which commit pre-
mature death at a later stage. This hypothesis impliesfactor lead us to postulate that COUP-TFI may serve as
an upstream regulator in subplate neurons to control that COUP-TFI is required for differentiation and survival
of certain subsets of neuronal cells. It has been reportedthe expression of axon guidance cues, which are re-
quired for proper thalamocortical projections. that cortical explant coculture with thalamic explants
prevents subplate death (Price and Lotto, 1996). Thus,In this study, we demonstrate that COUP-TFI is re-
quired for guidance of thalamocortical projections. Be- we cannot rule out the possibility that the premature
death of subplate neurons may be due to the lack ofsides axon guidance defects in the CNS, COUP-TFI was
also shown to be required for axon guidance in several trophic factor(s) provided by thalamocortical axons.
Nevertheless, another line of evidence supporting theregions, including ganglion IX, the oculomotor nerve,
and the cervical plexus region of the PNS (Qiu et al., role of COUP-TFI in the survival of neuronal cells comes
from the study of COUP-TFI in the PNS. Excessive death1997). These findings clearly indicate that COUP-TFI is
essential for proper axon guidance. of neural crest precursor cells contributes to the aber-
rant morphology of the ninth ganglion in Coup-tfI mu-The important role that the subplate played in the
guidance of the thalamocortical axon projections has tants (Qiu et al., 1997). Improper differentiation of neural
crest precursors has been implicated in this prematurebeen demonstrated by the subplate ablation experi-
ments (Ghosh et al., 1990; Ghosh and Shatz, 1993). Sub- cell death. Obviously, further investigations are needed
to determine the precise function of COUP-TFI. Schizo-plate neuron deletion before cortical plate innervation by
thalamocortical axons resulted in the failure of cortical phrenia, a major psychiatric illness, has been hypothe-
sized as a neurodevelopmental disorder (Bloom, 1993;target selection and innervation by thalamocortical ax-
ons and led to the absence of layer IV neurons in adult- Jones, 1995). It has been shown that alteration in the
subplate-preprogrammed cell death in the developinghood. However, the authors also pointed out that, with
their system, they were not able to investigate whether cortex may lead to a disturbance of the subplate that
results in failed connections in the schizophrenic cortexsubplate neurons are required for the projection of thala-
mocortical axons from the thalamus to the cortex since (Akbarian et al., 1993). It will be interesting to investigate
whether COUP-TFI plays a role in the neuropathogen-they failed to delete the subplate at an earlier time. In
Coup-tfI mutants, the subplate exhibited differentiation esis of diseases such as schizophrenia.
defects very early since calretinin expression was never
detected. Therefore, Coup-tfI mutant mice provide an Experimental Procedures
excellent model for further substantiating the role of the
Micesubplate on thalamocortical projections at early stages.
Coup-tfI mouse colonies were maintained in a pure 129 Sv back-Our observations indicate that proper subplate neuron
ground in a pathogen-free environment with a 12 hr light:dark cycle.differentiation is essential for thalamocortical projection
Mutants were generated by mating heterozygous females to hetero-
guidance from the internal capsule to the cortex, but zygous males. Since Coup-tfI heterozygotes are phenotypically nor-
not from the thalamus to the internal capsule. These mal, the control mice in the experiments include both wild type and
results suggest that subplate neurons have two func- heterozygotes. Generally, four or more pairs of mice were used in
each experiment. The day of vaginal plug was designated as E0.5,tions. During early corticogenesis, they are required for
and the day of birth was set as P0.guiding thalamocortical axons to their cortical targets.
At a later stage, they also play a critical role in target
Immunohistochemistryselection and innervation of the cortical plate by thala-
Brains from E14.5, E15.5, E16.5, and P0 were dissected out andmocortical axons.
fixed in 10% neutral buffered formalin (Richard-Allan, Richland, MI)
overnight. Brains were paraffin embedded and sectioned at 7 mm
Does COUP-TFI Play a Role in the Differentiation in the coronal plane. Primary antibodies and the dilutions used:
monoclonal antibody RC2 (1:5, the Developmental Studies Hybrid-and Survival of Neuronal Cells?
oma Bank, Iowa City, IA), monoclonal anti-chondroitin sulfate anti-The failure of subplate neurons to express the subplate
body (1:600, Sigma, St. Louis, MO), polyclonal anti-NGFR p75marker calretinin, while maintaining the expression of
antibody (1:100, a gift from Dr. G. Teitelman), and polyclonal anti-
other subplate markers such as CSPG and NGFR, sug- calretinin antibody (Ready-to-Use, Zymed, South San Francisco,
gests that differentiation of subplate neurons is incom- CA). Sections were incubated in primary antibodies overnight at
plete in Coup-tfI mutants. BrdU pulse labeling at E11.5 48C. After washing in phosphate-buffered saline, sections were incu-
bated with Cy3-conjugated anti-mouse or anti-rabbit antibodiessuggests that proliferation of subplate neurons is normal
(1:200, Jackson ImmunoResearch Laboratories, West Grove, PA)in Coup-tfI mutants. The comparable expression of
for 1 hr at room temperature. After washing, slides were mountedCSPG and low-affinity NGFR and similar numbers of
using Vectashield mounting medium (Vector Laboratories, Bur-
E11.5-born subplate neurons surviving at E16.5 (data lingame, CA) and analyzed using a Zeiss Axiophot microscope.
not shown) in controls and mutants indicate that the
survival of subplate neurons is normal prior to E16.5 In Situ Hybridization
in Coup-tfI mutants. However, birthdating of subplate In situ hybridization was performed as previously described by Wil-
kinson et al. (1987). 35SUTP-labeled sense and antisense riboprobesneurons showed that almost no E11.5-born subplate
were synthesized by in vitro transcription from linearized plasmidneurons survive at P0, indicating that premature death of
templates. For Rorb, the template was 1.9 kb of Rorb cDNA (a giftsubplate neurons occurs between E16.5 and P0 during
from Dr. M. Becker-AndreÂ ). Hybridization was performed at 558C,corticogenesis in Coup-tfI mutants. Since subplate neu-
and washes were performed with high stringency at 658C. Slides
rons are among the earliest cortical neurons generated, were dipped into Kodak NTB2 emulsion, dried, and exposed for
it is possible that intrinsic defects in subplate neurons, various times at 48C. After development, slides were counterstained
with hematoxylin and analyzed with a Zeiss Axiophot microscope.due to the loss of COUP-TFI function, cause improper
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BrdU-Labeling Experiments neocortical structure: its role in the development of connections
between thalamus and cortex. Annu. Rev. Neurosci. 17, 185±218.Proliferation index of preplate and layer IV neurons were determined
by pulse labeling with BrdU for 0.5 and 1.5 hr at E11.5 and E15.5, Allendoerfer, K.L., Shelton, D.L., Shooter, E.M., and Shatz, C.J.
respectively. Timed-pregnant heterozygous females plugged by (1990). Nerve growth factor receptor immunoreactivity is transiently
heterozygous males were injected intraperitoneally with BrdU (Am- associated with the subplate neurons of the mammalian cerebral
ersham, Arlington Heights, IL) at 50 mg/gm body weight. About 0.5 or cortex. Proc. Natl. Acad. Sci. USA 87, 187±190.
1.5 hr after injections, pregnant females were sacrificed by cervical Angevine, J.B., Jr., and Sidman, R.L. (1961). Autoradiographic study
dislocation. For E11.5 pulse-labeling experiments, embryos were of cell migration during histogenesis of cerebral cortex in the mouse.
removed, fixed in 10% formalin overnight, embedded in paraffin, Nature 192, 766±768.
and sectioned at 7 mm in the sagittal plane. For E15.5 pulse-labeling
Becker-AndreÂ , M., Wiesenberg, I., Schaeren-Wiemers, N., Andre, E.,
experiments, brains were dissected from embryos and fixed in 10% Missbach, M., Saurat, J.H., and Carlberg, C. (1994). Pineal gland
formalin, embedded in paraffin, and sectioned at 7 mm in the coronal hormone melatonin binds and activates an orphan of the nuclear
plane. Sections were blocked for 30 min in 2% normal horse serum receptor superfamily. J. Biol. Chem. 269, 28531±28534.
before adding monoclonal anti-BrdU antibody (DAKO, Carpinteria,
Berry, M., and Rogers, A.W. (1965). The migration of neuroblasts inCA) at a 1:25 dilution, with overnight incubation at 48C. Sections
the developing cerebral cortex. J. Anat. 99, 691±709.were then incubated with biotinylated anti-mouse immunoglobulin G
Bloom, F.E. (1993). Advancing a neurodevelopmental origin forantibody (Vector Laboratories) at room temperature for 1 hr. Signals
schizophrenia. Arch. Gen. Psychiatry 50, 224±227.were developed using a Vectstain ABC kit (Vector Laboratories),
Brodmann, K. (1909). Lokalisationslehre der Groshirnrinde in ihrencounterstained with methyl green, dehydrated, mounted using Per-
Principen dargestellt aug Grund des Zellen baue (Leipzig: Barth).mount (Fisher Scientific, Pittsburgh, PA), and analyzed using a Zeiss
Axiophot microscope. Caviness, V.S., Jr. (1982). Neocortical histogenesis in normal and
reeler mice: a developmental study based upon [3H]thymidine auto-
radiography. Brain Res. 256, 293±302.BrdU-Birthdating Experiments
E11.5, E15, or E15.5 timed-pregnant heterozygous females were Caviness, V.S., Jr., Takahashi, T., and Nowakowski, R.S. (1995).
Numbers, time and neocortical neuronogenesis: a general develop-injected intraperitoneally with BrdU (Amersham) at 50 mg/gm body
mental and evolutionary model. Trends Neurosci. 18, 379±383.weight. Injected female mice continued pregnancy and gave birth
normally. Shortly after birth, newborn brains were removed and fixed De Carlos, J.A., and O'Leary, D.D. (1992). Growth and targeting of
in 10% neutral buffered formalin, paraffin embedded, and sectioned subplate axons and establishment of major cortical pathways. J.
at 7 mm in the coronal plane. BrdU immunohistochemistry was per- Neurosci. 12, 1194±1211.
formed as described above. Figdor, M.C., and Stern, C.D. (1993). Segmental organization of em-
bryonic diencephalon. Nature 363, 630±634.
DiI-Labeling Experiments Fonseca, M., del Rio, J.A., Martinez, A., Gomez, S., and Soriano, E.
Brains from E13.5, E15.5, and E17.5 embryos and newborn mice (1995). Development of calretinin immunoreactivity in the neocortex
(P0) were removed and fixed in 4% buffered paraformaldehyde. Five of the rat. J. Comp. Neurol. 361, 177±192.
pairs of mice were used for each experiment. For DiI labeling in the Ghosh, A., and Shatz, C.J. (1993). A role for subplate neurons in the
cortex, a single crystal of the fluorescent dye DiI (Molecular Probes, patterning of connections from thalamus to neocortex. Development
Eugene, OR) was inserted into the primary somatosensory cortex 117, 1031±1047.
(E15.5 and P0). The brains were incubated in fixative at room temper-
Ghosh, A., Antonini, A., McConnell, S.K., and Shatz, C.J. (1990).
ature for 3±5 weeks. Brains were embedded in a mixture of albumin
Requirement for subplate neurons in the formation of thalamocorti-
and gelatin (Zahs and Stryker, 1985) and sectioned at 125 mm in
cal connections. Nature 347, 179±181.
the coronal plane (E13.5) and at an angle of 458 to the coronal plane
Gray, G.E., Leber, S.M., and Sanes, J.R. (1990). Migratory patterns(E15.5, E17.5, P0) in order to visualize the entire thalamus-to-cortex
of clonally related cells in the developing central nervous system.pathway using a Leica VT1000S vibratome (Molnar et al., 1998a).
Experientia 46, 929±940.For DiI labeling in the thalamus, E17.5 and P0 brains were embedded
Hatten, M.E. (1990). Riding the glial monorail: a common mechanismand sectioned at 1 mm at an angle of 458 to the coronal plane. A
for glial-guided neuronal migration in different regions of the devel-single DiI crystal was inserted into the VB. The brains were incubated
oping mammalian brain. Trends Neurosci. 13, 179±184.in fixative for 4±6 weeks at room temperature. To visualize the axon
Jones, E.G. (1995). Cortical development and neuropathology inprojections, the 1 mm thick sections were sectioned again at 125
schizophrenia. Ciba Foundation Symp. 193, 277±295.mm using a vibratome. Axon projections were traced using a conven-
tional fluorescence microscope (Zeiss Axiophot) and a laser-scan- Jonk, L.J., de Jonge, M.E., Pals, C.E., Wissink, S., Vervaart, J.M.,
ning confocal microscope (Bio-Red 1024). Schoorlemmer, J., and Kruijer, W. (1994). Cloning and expression
during development of three murine members of the COUP family
of nuclear orphan receptors. Mech. Dev. 47, 81±97.Acknowledgments
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